For many years, infrared spectroscopy has provided the ability to characterize and identify chemical species. However, it has always been restricted to resolution in the order of 5 -10 microns and then only when applying attenuated total reflection spectroscopy, ATR. Now, when combined with the nanoscale spatial resolution of an AFM tip, it is possible to measure and map local chemical composition below the diffraction limit of light. The technology described here as nanoIR will also perform nanoscale topographic, mechanical and thermal analyses.
In the early days of scanning probe microscopy, researchers and instrumentation developers were often postulating about the future and, perhaps one day, the advent of the "lab-on-a-tip." While the technology has seen the development of highly spatially resolved topography imaging coupled to a series of different physical measurements, it is only recently that is has been possible to perform chemical characterization measurements with infrared spectroscopy on the nanoscale. The enabling technique is known as nanoIR™.
science, materials science, and life science, including detailed studies of structure-property correlations.
The science behind the system applies the patent-pending technology of infrared nanospectroscopy, a technique pioneered by award-winning researcher Dr. Alexandre Dazzi of the Laboratoire de Chimie Physique ,CLIO, Université Paris-Sud, Orsay, France. This is a photothermal method which follows the absorption of the infrared and the subsequent generation of heat.
Instrumentation
The nanoIR system uses a pulsed, tunable IR source to excite molecular absorption in a sample that has been mounted on a ZnSe prism (Fig. 2) . Samples are prepared in one of two ways. For many samples, ultramicrotomy is used to cut sections with thicknesses between 100 nm and 1000 nm. These are then transferred to the prism surface.
In other sample preparations, it may be possible to cast thin films from solvent directly on the prism surface.
The IR beam illuminates the sample by total internal reflection similar to conventional ATR spectroscopy (Fig. 3) . As the sample absorbs radiation, it heats up, leading to rapid thermal expansion that excites resonant oscillations of the cantilever which is detected using the standard AFM photodiode measurement system. These induced oscillations decay in a characteristic ringdown which can be analyzed via Fourier techniques to extract the amplitudes and frequencies of the oscillations. Then, measuring the amplitudes of the cantilever oscillation as a function of the source wavelength, local absorption spectra are created. 
Applying mid-IR spectroscopy
The nanoIR system enables researchers to harness the full power of mid-IR spectroscopy. The system's IR source, designed using proprietary technology, is continuously tunable from 3600 to 1200 cm -1 .
This range covers a major portion of the mid-IR, including important CH, NH, and CO bands, as well as carbonyl and amide I/II bands. Polymer spectra acquired with the nanoIR system have demonstrated good correlation with bulk FTIR spectra. The nanoIR software also allows researchers to export nanoscale IR absorption spectra to standard analysis packages (e.g., Bio-Rad's KnowItAll ® ) to rapidly analyze samples and identify chemical components.
The nanoIR software also allows integrated thermal and mechanical property mapping in addition to its ability to provide high-resolution infrared spectra. Mechanical properties of a sample can be collected using a contact resonance method to map stiffness variations simultaneously with the topography while the nanoIR platform can also perform nanoscale thermal analysis providing researchers to work beyond bulk thermal analysis measurement to obtain information not available with any other technique.
Applications of nanoIR Polymer blends and composites
Typical data sets will show deflection, IR absorption and stiffness. The butadiene is soft and so can easily be seen in the stiffness image. It also has a stronger absorption at 3025 cm -1 . It is interesting to correlate the light areas in the IR absorption with the dark areas in the stiffness. These should be the same material but there are differences which may correlate with differences in thickness or whether the material is at the surface or subsurface. The second example is a blend of 40% ABS and 60% polycarbonate, The next example is a sample where polystyrene spheres (PS)
were embedded in epoxy to form a composite. It was microtomed before study. (Fig. 7) . There is an absorption band at 3025 cm -1 which corresponds to the aromatic bonds in the polystyrene. This is clearly Fig. 7 A polystyrene sphere in an epoxy matrix demonstrating the spatial resolution of the nanoIR system. Note that a characteristic polystyrene spectrum is observed in the center, and edges of the PS bead, but a very different epoxy spectrum is observed just 100 nm across the material boundary. Fig. 8 The spectral mapping of a degradable polymer blend.
seen in the spectra taken from the center of the PS sphere and is also clearly resolved in spectra that were taken within ~100 nm of the interface and is not seen in the epoxy. This is a good resolution test for the nanoIR technique.
Degradable polymers
In this example, the spectral mapping of a degradable polymer blend This data is summarized in Fig. 8 .
Multifunctional measurements on a composite
With the nanoIR system provides the capability of multifunctional measurements. These enable a more complete picture of samples, integrating topographic, spectroscopic, mechanical and thermal property data.
High resolution topographic measurements are performed by AFM, 
Looking forward -applications developments
The nanoIR system combines infrared spectroscopy and atomic force microscopy to provide high resolution topographic, chemical, mechanical and thermal mapping. This combination provides spatial resolution at length scales well below the diffraction limit of conventional IR spectroscopy and adds chemical spectroscopy to the field of atomic force microscopy. The potential for future applications is very broad and includes polymer blends, multilayer films and laminates. In the life sciences, sub cellular spectroscopy and the study of tissue morphology/ histology will be eagerly awaited while in materials science, prospects are good for the study of organic photovoltaics and defect analysis.
Fig. 9(a) AFM topographic image clearly showing regions of nylon and ethylene co-acrylic acid (EAA). (b) Spectroscopic map showing different regions of the polymer composite; (c) Mechanical map showing the correlation between the CH absorption spectrum and the contact resonance frequency; (d) Point nanothermomechanical analysis data showing the different softening points of the nylon and EAA regions.
(b) • SPM is often considered a main driver for nanotechnology.
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Quantum Mechanical Tunnelling
• One-dimensional electron tunnelling through a rectangular barrier -Start with the particle-in-a-double-box case and lower the barrier between the two boxes… • Elastic vs inelastic tunnelling:
Elastic tunnelling -energy of tunnelling electron is conserved; Inelastic tunnelling -electron loses a quantum of energy inside the tunnelling barrier. 
Tunnelling Current
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• Quantum Mechanics predicts that the wavefunction decays exponentially through the barrier:
• Probability of finding the electron after the barrier of width d is:
• The current is: I = f(V) e -2Kd where f(V) is a function that contains a weighted joint local density of states (LDOS) that reflects the property of the material.
• The tunnelling current is therefore:
I  e -2Kd where K  (2m ) / (h/2) = 0.51 Å -1 and  is the work function (in eV). When   4 eV, K  1 Å -1 and e 2  7.4 . This means tunnelling current goes down by 7.4 times per Å. (In the 2 nd tip, two atoms away from the atom in the first tip. This means that the second tip will detect ~10 6 less current than the first tip. Extreme z sensitivity!)
• Note that the tunnelling current does not reflect the nuclear position directly. STM measures the local electron density of states and not nuclear position.
• Anti-vibration: 1 Hz -general human movement; 10-100 Hz -electronics, ventilation; Target 1-10 kHz resonant frequency for STMs • Building vibration 1 m will generate 1 pm at the STM tip • Make STM system as rigid as possible so that internal resonance is above 1 kHz and mount it on a low resonant frequent support
• Coarse approach: Move tip up and down from mm to sub-m; use beetle-type motion and inertial slider; base materials must undergo similar thermal expansion of piezoelectric tube (the scanner), mechanically rigid -macor is used b/c stiff and lightweight Fine Approach: Piezoelectric Scanner
• Piezoelectric material is a "smart" material that changes in dimension under an applied voltage.
• Piezoelectric scanner must have high resonance frequencies and scan speed, high sensitivity, low crosstalk among x, y, z drivers, and low thermal drift.
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Tube scanner: 15 mm long, 5 mm dia, 0.75 mm thick can provide motions up to 1.0 m vertically and 2.8 m laterally.
Omicron VT STM tip setup with tip coming from below, and sample facing down.
• Pros: -Very high vertical spatial (z) resolution, and atomic spatial (x,y) resolution -can go higher if one can make an even sharper tip (with smaller curvature); -"Extreme" surface sensitivity; -Can be used (a) to study single-atom processes (e.g. catalysis), dynamic effects, novel single-atom properties; (b) to manipulate (move and relocate) atoms and molecules to build 3D nanoscale architecture one atom at a time, (c) to develop new spectroscopic tools (based on DOS) and physics.
• Cons: -Sample must be conducting; -"Extreme" surface sensitivity -sensitive to dirt pick-up by the tip, which would lead to artefacts; -Low coverage -the surface must remain relatively free of adsorbate (i.e. bare or clean) to expose the reference template; -Very difficult to do chemical identification -electron density is electron density; -DOS info only -Image does not really correspond to the physical locations of the nuclei; -Rather slow technique compared to electron microscopy.
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STM: Applications
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• Atom-resolved Imaging of surface geometry 
